The amount of dilute dissolved hydrogen and/or oxygen gas in a gas controllable electrochemical cell has been evaluated by using cyclic voltammetry method. The electromotive force of H 2 « H + electrolyte « Pt cell has been measured as a function of hydrogen and/or oxygen gas in the cell. The interfacial reaction mechanism on the Pt electrode has been discussed on a random adsorption model.
Introduction
Gas-metal reactions, such as adsorption, dissociation and desorption play important roles to electrochemical surface phenomena. In the case of B 2 (H 2 or O 2 ) molecule, the adsorption on a metal has two types of a molecule and separate two B atoms state, which are called the physical and chemical adsorption, i.e., physisorption and chemisorption. 15) The adsorption of the molecule state has been interpreted by using the Lennard-Jones's model.
1) The adsorption energy for H 2 on a metal is around ¹15 kJ/mol H 2 .
2) The nature of dissociation from a molecular state to atomic ones is classified into two types of non-activated and activated dissociative chemisorption. The dissociation process is more complex because of the activation barrier. The barrier potential depends on a molecular well and a dissociated well. The non-activated dissociative chemisorption occurs spontaneously from a molecule to atoms. In the activated case, an additional energy is required for the dissociation of a molecule with the non-adiabatic potential of B 2 to 2B. The chemisorption energy is around ¹50 kJ/mol H 2 .
2) Typical specimen of spontaneous chemisorption for H 2 molecule are Pt, Pd, etc., and of activated one are W, Ni, etc. 6) The elucidation of elementary reactions of above adsorption processes are one of the main themes in surface science.
Various electrochemical measurements, such as cyclic voltammetry, chrono-potentiometry and chrono-amperometry, have been used to obtain the dynamical properties on an electrode surface. In the cyclic voltammetry method, the measured voltage and current value provide information on the adsorbed species and the amount of its substance on the electrode, respectively. As a statical measurement, we have reported the electromotive force (EMF) method by using a gas controllable H 2 « H + electrolyte « Pt cell.
710) This EMF method is suitable for evaluation of the adsorption and desorption process of H 2 and/or O 2 on the Pt interface because of the isolated system without an outer source. We have made the gas controllable cell to reproduce the environmental condition of dilute dissolved gas in the electrolyte. In the reproducible environment, the quantitative evaluation of dissolved gases is important. In our recent paper, 7) we have tried to determine the amount of the dilute H 2 and O 2 gas in the electrolyte by the temperature dependence of the EMF measurement. By the measurement, we could obtain the "ratio" of both amount of the dissolved H 2 and O 2 gas. We found, however, that the absolute value of each dissolved gas can not determined because the mixed potential of EMF depends on the gas concentration ratio and the equivalent resistance ratio of the reaction cell. 7) In this paper, the gas controllable H 2 « H + electrolyte « Pt cell will be separated into two cells in order to defend against invasion of the electrolyte with slight leakage of a H 2 gas from a standard hydrogen electrode. The amount of the dissolved H 2 and/or O 2 gas in the electrolyte of the cell will be determined by the concentration dependence of cyclic voltammetry. The EMF of the cell will be measured as a function of H 2 and/or O 2 gas in the cell. The interfacial reaction mechanism on the Pt electrode of the dilute H 2 and/or O 2 gas dissolved in the electrolyte of the cell will be discussed on a random adsorption model.
Experiment Procedure
A Pt wire with a diameter of 0.5 mmº was heated in reducing flame of a gas burner and quenched into ionexchanged water. This sample Pt wire was used for the working electrode (WE), which was covered with an acidresistant heat-shrink tubing in order to fix surface area. The WE surface area was 2.88 © 10 ¹4 m 2 . The standard hydrogen electrode (SHE) was made of platinum black with the above Pt wire, which was treated electrochemically in a solution of 1 © 10 ¹3 kg of H 2 PtCl 6 ·6H 2 O per 3.0 © 10 ¹5 m 2 with a current density of 3.0 © 10 2 A/m 2 at 303 K for 10 min. A counter electrode (CE) was made of a Pt sheet which was cold-rolled to obtain the final thickness of 100 µm and then annealed at 1173 K for 1 h under vacuum. The CE surface area was 6.02 © 10 ¹3 m 2 much larger than the WE surface area. The purity of the Pt electrodes was 99.95%.
The schematic view of present cell is shown in Fig. 1 . The cell was made of a PYREX μ glass with leak tightness, and was separated into two cells in order to defend against an invasion of the electrolyte with slight leakage of a H 2 gas from the SHE. Both cells are connected with an U-shaped glass tube filled with the electrolyte. The SHE was covered with the enclosure and was contact with the electrolyte through a capillary tube with the inside diameter of 1 mmº © the length of 500 mm. The rate of H 2 gas into the SHE was 0.25 © 10 ¹2 m 3 /min. The amount of the electrolyte in each cell was 1 © 10 ¹3 m 3 with 0.5 kmol/m 3 H 2 SO 4 employed ultrapure water as a solvent. This electrolyte was stirred up quickly to make equalization of dissolved gas concentration in the electrolyte. Dissolved gases in the electrolyte were purged by Ar gas bubbling. The leakage of air into the cell was prevented by Ar continuous purging. The flow rate of this Ar gas was 3.00 © 10 ¹4 m 3 /min. The Ar gas line was passed through an oxygen elimination column with the guaranteed value of 0.002 ppm and under. And then the gas line was connected to the cell via a humidifier which used ultrapure water because of the inhibition of evaporation of the electrolyte. The gas outline from the cell was connected to a gas washing-bottle attached a porous bubbling ceramics so as to prevent the back-diffusion of air into the cell.
7) The H 2 gas line of the SHE was laid independently similar to the Ar gas. In order to dissolve H 2 or O 2 gas in the electrolyte, each gas was injected into the cell after mixing with Ar gas. In regulation of the flow rate of the mixed gas, the total flow rate was kept constant of 3.00 © 10 ¹4 m 3 /min. The mixed gas line to the cell was humidified in a similar way of the Ar line.
The EMF measurement was performed by using a digital electrometer (Advantest R8240) with 10 13 ³ input impedance. In the EMF measurement, the electrodes of the SHE and the WE were connected with the electrometer via an normal open terminals, and the terminals were closed just at the measurement. The cyclic voltammetry measurement was performed using a potentio-galvanostat (Solartron Model 1287). In the cyclic voltammetry measurement, threeelectrode method was used with WE, SHE and CE. Figure 2 shows the EMF as a function of lapse of time of the gas controllable separated H 2 « H + electrolyte « Pt cell with Ar gas continuous bubbling in order to confirm the influence of dissolved air in the electrolyte. The experimental operation of the separated cell was carried out by the same procedure as the singularity cell shown in the previous paper. 7, 8) At the time t = 0 in the figure, H 2 gas was injected into the enclosure of the SHE cell, and, the EMF value rose from 0 to 1 V immediately. And after 30 min, the EMF value decreased from 1 V so as to be stationary 0.78 V because of purging dissolved O 2 gas by Ar bubbling. The reproducibility of the series of the experimental operation was checked by several repetitions measurement. All that measured led the EMF values of 0.78 V. Therefore, we will call the 0.78 V as the EMF base value for the present separated cell. Figure 3 shows the cyclic voltammetry as a function of typical sweep rate of 10, 50 and 100 mV/s just after the confirming the base value of the EMF measurement. The measurements for sweep rate of 25, 75, 150 and 200 mV/s were also done. The potential range of linear sweep was set from 0.05 to 1.30 V to avoid the gas generation of H 2 or O 2 . The reversibility of the electrode reaction was verified by measurement of 5 cycles, which was recognized by the constantly peak position. The current density depend on an amount of a reactant, and then it become lower as sweep rate is slower.
Experimental Results

Base value of the EMF of the separated cell
Result of cyclic voltammetry under Ar gas continuous purging and discussion
We will discuss on the current density behavior as was shown in Fig. 3 . The behavior may be classified into the three parts for the potential region as follows; (1) the region in less than 0.4 V, (2) from 0.4 to 0.6 V, and (3) more than 0.6 V. In the region (1), the positive/negative current density depends on the desorption/adsorption mechanism of proton, Fig. 1 Gas controllable separated H 2 « H + electrolyte « Pt cell. Both cells are connected with an U-shaped glass tube. Dissolved gases in the electrolyte were purged by Ar gas bubbling. The leakage of air into the cell was prevented by Ar continuous purging. The gas line was connected with the cell via an oxygen elimination column and a humidifier. The gas outlines from the cell and the SHE were connected with each gas washing-bottle. In the case of H 2 or O 2 gas was dissolved in the electrolyte, the mixed gas of either H 2 or O 2 with Ar base gas was injected into the cell. Lapse of Time, t / s EMF, E / V Fig. 2 The EMF as a function of lapse of time of the gas controllable separated H 2 « H + electrolyte « Pt cell. At the time t = 0, H 2 gas was injected into the SHE. After 30 min, Ar gas bubbling was started in the both of the cells.
respectively.
11) Also, in the region (3), it corresponds to the oxidation/reduction of Pt, respectively.
12) The constant current density in the region (2) is participated in the electrical double layer. The layer is thought to be made up of several layers contains solvent molecules and other species of ions or molecules.
13) The double layer should depend on the dissolved H 2 and O 2 gas, which has been also pointed out by Birintseva. 14) The value of the anodic/cathodic current density was 8.031 and 3.112 © 10 ¹2 A/m 2 , respectively, where the current was evaluated by 5 cycles average, with the condition of the sweep rate 10 mV/s and the potential position 0.4 V. By using the anodic current of the positive potential sweep, the amount of the dissolved H 2 gas in the electrolyte can be evaluated, and, that of O 2 gas can be done by using the cathodic current of the negative potential sweep. In subsequent measurement conditions, the sweep rate will be used 10 mV/s and the potential position 0.4 V. Because the slower sweep rate can suppress the influence of a capacitive component by the double layer, 13) and, the potential position can be applied due to a observed saturation current in less than 0.4 V as will be shown in Figs. 4 and 6.
3.3 H 2 gas concentration dependence of the cyclic voltammetry and the EMF measurement In this paragraph, we will examine the H 2 gas concentration dependence of the cyclic voltammetry by using the mixed gas. The H 2 flow in this mixed gas was regulated in order of 0.00 © 10
¹4
, 0.15 © 10 ¹4 , 0.30 © 10 ¹4 , 1.00 © 10 ¹4 , and 3.00 © 10 ¹4 m 3 /min, and the Ar flow of the base gas was adjusted so that the total mixed gas flow was to be 3.00 © 10 ¹4 m 3 /min. That is, the H 2 flow ratio, q H 2 , in the mixed gas was normalized and expressed as 0.00 (= 0.00 © 10 ¹4 m 3 min ¹1 /3.00 © 10 ¹4 m 3 min ¹1 ), 0.05 (= 0.15/3.00), 0.33 (= 1.00/3.00) and 1.00. In Fig. 4 , the cyclic voltammogram of the index q H 2 ¼ 0:00 is the same curve of the sweep rate 10 mV/s by pure Ar gas in Fig. 3 . The anodic current density value under the positive potential sweep in Fig. 4 was averaged by 5 cycles, and was 0.116 © 10, 0.230 © 10, 0.771 © 10 and 2.253 © 10 A/m 2 for the flow ratio q H 2 of 0.05, 0.10, 0.33 and 1.00, respectively. This means that the current density values were in a linear relation with respect to the dissolved gas concentrations, which will be shown in the section 4.1. Figure 5 shows the EMF value of H 2 « H + electrolyte* « Pt cell as a function of the q H 2 , where "*" means the mixed gas dissolving treated electrolyte. This EMF measurement was carried out independently of the cyclic voltammetry measurement in order to prevent the interference by using the outer source. The initial value of the EMF was 0.78 V, which was equal to the base value in Fig. 2 , where the vertical value at t = 0 was out of the Fig. 5 . The EMF value was decreased stepwise as 0.04, 0.03, 0.01 and 0.00 V for the flow ratio q H 2 of 0.05, 0.10, 0.33 and 1.00, respectively. The reproducibility of the concentration dependence of the EMF was confirmed by reverse operation of the q H 2 after the lowest point of the EMF arrived as was recognized in the figure.
3.4 O 2 gas concentration dependence of the cyclic voltammetry and the EMF measurement In this section, we will examine the O 2 gas concentration dependence of the cyclic voltammetry and the EMF measurement by the same experimental procedure as was shown in the previous subsection 3.3. Figure 6 shows the dissolved O 2 gas concentration dependency of the cyclic voltammetry of H 2 « H + electrolyte* « Pt cell, where "*" means the mixed gas dissolving treated electrolyte. The absolute values of the current density were increased with the increment of the flow ratio q O 2 . The value of cathodic current density under the negative potential sweep was averaged by EMF, E / V Fig. 5 The EMF value of H 2 « H + electrolyte* « Pt cell as a function of the dissolved H 2 gas concentration, where "*" means the mixed gas dissolving treated electrolyte.
Interfacial Reaction Mechanisms of Dilute Gas on Pt Electrode by Using a Gas Controllable H 2 « H + Electrolyte « Pt Cell5 cycles, and was ¹0.204 © 10, ¹0.423 © 10, ¹1.325 © 10 and ¹4.339 © 10 A/m 2 for the q O 2 of 0.05, 0.10, 0.33 and 1.00, respectively, where the currents were evaluated by the values at the potential position 0.4 V. The current values were in a linear relation with respect to the dissolved O 2 gas concentrations will be discussed in the section 4.1. Figure 7 shows the EMF value of H 2 « H + electrolyte* « Pt cell as a function of the q O 2 . The EMF value was increased stepwise and the constant value was 1.02, 1.04, 1.07 and 1.09 V for the flow ratio q O 2 of 0.05, 0.10, 0.33 and 1.00, respectively. The reproducibility of the reverse operation of the q O 2 by the repetitive behavior of the EMF value. The blunt edge of the curve comparing with the sharp edge in Fig. 5 may be due to diffusion loss as will be discussed in the section 4.3.
Experimental Analysis and Discussions
The evaluation of the amount of the dilute H 2 and/
or O 2 gas in the electrolyte In this section, we will evaluate the amount of the dilute gases in the electrolyte by using the current density value of the cyclic voltammetry as was shown in Figs. 3, 4 and 6 . Under the condition of the reversible reaction, the current density should be proportional to the concentration given by the following eq.
where the reversible reaction in the measurements is recognized by the same peak position of the electrode reaction as was observed in Fig. 3 , for instance. In the eq. (1), the current density is i/Am ¹2 , the current is I/A, the surface area of the WE is A/m 2 , a number of electrons of the dissolved gas is n, the diffusion coefficient of the dissolved gas is D/m 2 s ¹1 , the potential sweep rate of the cyclic voltammetry is v/Vs ¹1 , the concentration of the dissolved gas is c/mol·m
¹3
. The constant term of 2.69 © 10 5 is evaluated by a function of the potential and the time. 15) Figure 8 shows the current density values of the cyclic voltammetry as a function of the dissolved gases concentration, where the vertical line was given by the observed values as was shown in Figs. 4 and 6, and abscissa was reevaluated by the flow ratio in the mixed gas as will be given in Appendix 1. The first description will evaluate the amount of the dissolved H 2 gas, and the second will do O 2 gas by using the relation between i and c. The solid line in the Fig. 8(a) is due to the H 2 dissolved gas, and is the regression line which is passed between the EMF values for the saturated concentration and the starting point. The line is given by the following relation of
where subscript H 2 means the dissolved H 2 gas. In the case of O 2 dissolved gas, the cathodic current density values in the EMF, E / V Fig. 7 The EMF value of H 2 « H + electrolyte* « Pt cell as a function of the dissolved O 2 gas concentration, where "*" means the mixed gas dissolving treated electrolyte. 
where subscript O 2 means the dissolved O 2 gas. Accordingly, we can obtain the residual value of the H 2 gas concentration after just the Ar bubbling (q H 2 ¼ 0:00), which was c Figure 9 shows the dissolved H 2 and/or O 2 gas concentration dependence of the EMF value as was extracted in Fig. 9(a) indicate the value which added the evaluating concentration in Appendix 1 to the starting point. The EMF values in the Fig. 9 were proportional to the logarithm of the O 2 concentrations. In the case of the H 2 in the Fig. 9(b) , the values showed the abruptly decrease from the starting point to the concentration increased, which behavior will be interpreted in the following section.
Concentration dependence of the EMF measurement for the dissolved gases
Equation of electrochemical reactions
In this section, we will elucidate the reaction equation of the dissolved H 2 and/or O 2 gas on the electrode interface in the (I) H 2 « H + electrolyte « Pt (II) cell using the EMF measurement. This EMF method can evaluate the adsorption and/or desorption process of the dissolved gases on the electrode interface with the isolated system without an outer source. The equilibrium condition of this reaction is estimated by the relative potential between the SHE and the WE. As was shown in the previous paper, 7, 8) 
The observed value of the EMF, E H , under the reaction of eq. (6) is given by
where ® 6) In the case of a charged particle system, the electrochemical potential® i ¡ of the ¡ particle in the i phase can be described as
where z means the valance of the ¡ charged particle and and º is the electrostatic potential. When there is a reaction
on equilibrium conditions in a same i phase. By using the eqs. (8) and (9), we can obtain the following relations While, the equilibrium condition of electron between terminal and electrode leads to the following relations
The eqs. (12) and (13) 17, 18) Under the present experimental condition, the external current is 0. But, the internal current is non-zero, which means that the reaction losses should be caused. The Ohmic and the diffusion loss depend on the impurity scattering, that is, the total amount of the dissolved gases of H 2 , O 2 and Ar, which was constant in this experimental condition. The activation loss should be depend on the activation gas of H 2 and/or O 2 concentration as was recognized the electrode reaction in eqs. (6) and (20) . This loss is inversely proportional to the c H 2 and c O 2 because of the source supply of the internal current. The crossover loss must be also depend on the c H 2 and the c O 2 and proportional to the dissolved concentration because of the suppress of the current. This means that the © depends on the activation loss and the crossover loss.
Interfacial reaction mechanism of the dissolved
gases on the Pt electrode The EMF value of E H and/or E O in the eqs. (17) and (23) will be evaluated by the following equation, theoretically, ÁG ad ¼ ÁH ad À T S ad ' n¾ À kT log N! n!ðN À nÞ! : ð26Þ
In the equation, G, H, S, ¾, N and n are free energy, enthalpy, entropy, the internal energy of hydrogen or oxygen, the number of adsorption sites on the electrode, and that of adsobate, respectively. By using the relation of Á® ad ¼ @ðÁG ad Þ=@n, the eqs. (17) and (23) ' À¾ H À kT log n; ð27Þ
in the condition of n ¹ N, where the reference electrode is the SHE. The EMF value in the eqs. (27) and (28) is proportional to the log n. Experimentally, this relation can be recognized in Figs. 9(a) and 9(b). In the case of the dissolved H 2 gas, however, the EMF behavior around the filled circle is abruptly changed from 0.78 to 0.11 V as was shown in Fig. 9(b) . This abruptly decrease of the E observe in eq. (25) may be due to the crossover loss. That is, the adsorbed H on the Pt electrode induced by the dissolved H 2 gas should react with the adsorbed O by the residual O 2 gas. Accordingly, E observe may decrease abruptly by increasing the H 2 concentration, and simultaneously, decreasing of the amount of the adsorbed O.
Conclusions
In this paper, we have evaluated the amount of the dilute H 2 and/or O 2 gas in the electrolyte of the gas controllable cell by using the cyclic voltammetry as was shown in Figs. 4, 6 and 8. The electromotive force (EMF) of the separated H 2 « H + electrolyte « Pt cell has been measured as a function of H 2 and/or O 2 gas as was shown in Fig. 9 . The interfacial reaction mechanism on the Pt electrode has been evaluated by using the random adsorption model in eqs. (27) and (28). The abruptly change behavior to the dissolved H 2 of the EMF measurement has been discussed on the reaction loss of the crossover by using the mixed potential equation of eq. (25).
